We recorded multiple unit neural activity [multiunit activity (MUA)] from inside and outside of the suprachiasmatic nucleus (SCN) in freely moving male golden hamsters housed in running-wheel cages under both light/dark cycles and constant darkness. The circadian period of MUA in the SCN matched the period of locomotor activity; it was ϳ24 hr in wild-type and 20 hr in homozygous tau mutant hamsters. The peak of MUA in the SCN always occurred in the middle of the day or, in constant darkness, the subjective day. There were circadian rhythms of MUA outside of the SCN in the ventrolateral thalamic nucleus, the caudate putamen, the accumbens nucleus, the medial septum, the lateral septum, the ventromedial hypothalamic nucleus, the medial preoptic region, and the stria medullaris. These rhythms were out-of-phase with the electrical rhythm in the SCN but in-phase with the rhythm of locomotor activity, peaking during the night or subjective night. In addition to circadian rhythms, there were significant ultradian rhythms present; one, with a period of ϳ80 min, was in antiphase between the SCN and other brain areas, and another, with a period of ϳ14 min, was in-phase between the SCN and other brain areas. The periods of these ultradian rhythms were not significantly different in wild-type and tau mutant hamsters. Of particular interest was the unique phase relationship between the MUA of the bed nucleus of the stria terminalis (BNST) and the SCN; in these two areas both circadian and ultradian components were always in-phase. This suggests that the BNST is strongly coupled to the SCN and may be one of its major output pathways. In addition to circadian and ultradian rhythms of MUA, neural activity both within and outside the SCN was acutely affected by locomotor activity. Whenever a hamster ran on its wheel, MUA in the SCN and the BNST was suppressed, and MUA in other areas was enhanced.
Circadian locomotor activity rhythms in mammals are generated by an endogenous pacemaker located in the suprachiasmatic nucleus (SC N) of the hypothalamus (for review, see T urek, 1985; Meijer and Rietveld, 1989; K lein et al., 1991) . Lesions of the SCN cause arrhythmicity of locomotor activity (Moore and Eichler, 1972; Stephan and Zucker, 1972; Rusak and Zucker, 1979) , and transplants of fetal SC N tissue restore circadian periodicities (Sawaki et al., 1984; Lehman et al., 1987; Ralph et al., 1990) . The SCN exhibits circadian rhythms in several in vitro preparations: the acute slice (Green and Gillette, 1982; Groos and Hendricks, 1982; Shibata and Moore, 1988) , slice culture (Bos and Mirmiran, 1990; Herzog et al., 1997) , and dispersed cell culture (Welsh et al., 1995; Liu et al., 1997) . Both slice and dispersed cell cultures of SCN also display circadian rhythms of peptide release (Murakami et al., 1991; Watanabe et al., 1993; Shinohara et al., 1995) . In contrast the physiology of the SCN in vivo and its relationship to circadian behavior in the intact animal have received little experimental attention.
To understand how the circadian clock controls locomotor behavior, we need to understand its connections to the motor control system. Although output pathways from the SCN circadian pacemaker are not completely described, the motor control system in mammals is relatively well characterized (Wichmann et al., 1995; Bergman et al., 1998) . Because there are no known direct neural connections between the SCN and motor control areas of the brain, it is likely that either humoral factors and/or "relay nuclei" serve to connect the SCN with the motor centers.
Not only does the SCN regulate locomotor activity but there is reason to believe that locomotor activity feeds back on the SCN. The period of the free-running rhythm of rats housed in cages with a running wheel is different from that of rats housed in cages without a wheel (Yamada et al., 1988 Shioiri et al., 1990) . Locking of the running wheel changes the free-running period in mice (Edgar et al., 1991) . Access to running wheels induces phase shifts of locomotor activity in hamsters (Mrosovsky, 1988; Reebs and Mrosovsky, 1989) as does injection of triazolam, which increases locomotor activity (van Reeth et al., 1987) . In mice, forced treadmill running induces phase shifts of circadian rhythms and is able to entrain them (Marchant and Mistlberger, 1996) .
The apparent complexity of the relationship between the SCN and locomotor centers, almost certainly involving reciprocal in-teractions, and the fact that direct neuronal interconnections appear to be absent provide a strong rationale for exploring the functional relationships in vivo. We have perfected a technique that allows us to record neuronal activity of several brain regions in freely moving hamsters, enabling us to correlate electrical activity within the SC N with activity in other brain regions and with locomotor activity. We have used this technique to describe the electrical characteristics of the SC N in vivo, the differences between the tau mutant and wild-type hamsters, the relationship between the SC N and other regions of the brain, and the effect of the animal's locomotor behavior on SC N activity. The results provide a new framework for understanding the regulation of locomotor behavior by the circadian timing system.
MATERIALS AND METHODS
Animals. Three-to five-month-old golden hamsters (LVG wild type from Charles River Laboratories, Wilmington, M A; LVG background tau mutant animals from our colony) were used in this study. Animals were entrained for at least 2 weeks to light /dark cycles (LDs) (14:10 hr LD for wild types; 11.7:8.3 hr LD for tau mutants; light intensity of ϳ300 lux at cage level). We monitored wheel-running activity throughout the experiments and used only animals that showed clear locomotor rhythmicity.
Electrode implantation. We implanted one or two bipolar electrodes constructed from pairs of Teflon-coated stainless steel wires (bare diameter, 130 m; A-M Systems, Everett, WA; tip distance, ϳ150 m for recording from the SC N and 200 -300 m for other brain regions) and an uncoated platinum -iridium wire (diameter, 130 m; A-M Systems) used as a signal ground in the cortex. Wires were connected to an eight pin IC socket wrapped in insulated copper tape. Distances between any two bipolar electrodes were determined according to the recording sites chosen.
Electrode implantation was performed under pentobarbital anesthesia (90 mg / kg, i.p.). Animals were placed in a stereotaxic instrument with the nose bar set at Ϫ2 mm (David Kopf Instruments, T ujunga, CA).
Four self-tapping screws (#0 ϫ 1/8 inch; Small Parts, Miami Lakes, FL) were implanted into 1 mm holes in the skull made with a dental drill. We used different stereotaxic coordinates for wild-type and tau mutant hamsters because the shape of bregma in tau mutants is different and more variable than is that in wild types. Wild-type SC N coordinates were 0.7 mm anterior to bregma, 0.2 mm lateral to the midsagittal, and 8.0 -8.2 mm below the dural surface. Tau mutant coordinates were 1.0 -1.2 mm anterior to bregma, 0.2 mm lateral to the midsagittal, and 7.9 -8.1 mm below the dural surface. The electrode was secured to the screws and the skull with dental cement.
Recording procedure. One week after surgery, each hamster was transferred to a 24 cm (width) ϫ 21 cm (length) ϫ 30 cm (height) cage with a running wheel 21 cm in diameter mounted on one side to allow the hamster equipped with wires access to the wheel. The electrodes were connected to head stage buffer amplifiers (J-F ET input OP Amp; TL084) located on the hamster's head. Buffer amplifiers were connected to a 12 channel slip ring (Airflyte Electronics Company, Bayonne, NJ) that allowed free movement for the animal. The wires between the head stage amplifiers and the slip ring were protected by a stainless steel spring. Output signals were processed by differential input integration amplifiers (I NA 101 AM; Burr-Brown, T ucson, AZ; gain, ϫ10) and then fed into AC amplifiers (OP Amp, 4558; bandpass, 500 Hz to 5 kHz; gain, 10,000). Spikes were discriminated by amplitude and counted in 1 min bins using a computer-based window discrimination system (DAS-1801ST AD board; Keithley Metrabyte, Taunton, M A). Wheel revolutions were recorded using the Data Quest system (Data Science International, St. Paul, M N).
Reduction of recording noise. In recording neural activity from freely moving animals, the biggest problem is noise. We reduced microphonic noise, which is caused by mechanical disturbances such as wire movements, by mounting the buffer amplifiers on the head (effectively decreasing the impedance). We directly coupled the output signals to the integration amplifier (without any capacitors or resistors) to provide a high common mode rejection ratio that can reduce non-neuronal signals such as muscle potentials. We also used shielding material around the electrode and its vicinity to reduce noise from the animal's scratching. Because we could not entirely remove this source of noise, we used a highly effective low-cut filter (500 Hz). Using these techniques, we reduced electrical noise generated by chewing or moving to undetectable levels. Although scratching did generate detectable electrical noise, this activity was rare and did not create a problem in the analysis.
Identification of recording sites. After the electrical recordings, each hamster was anesthetized with halothane, the head amplifier was disconnected, and a small positive current (50 A; 10 sec) was passed through the recording electrodes. The brain was removed and fixed in Z amboni's fixative solution for a few days. Frozen sections (40 m thick) were stained with potassium ferrocyanide (5% potassium ferrocyanide in 10% HC l). Blue spots of deposited iron were used for identification of recording sites.
Data anal ysis. The first report of SC N neuronal recordings from freely moving rodents appeared 19 years ago and played a pivotal role in identif ying the SC N as the central mammalian circadian pacemaker . Since then little use has been made of this technique. A primary reason for hesitation in the use of in vivo recording techniques is that changes in neuronal oscillations are oftentimes difficult to identif y in the raw data, and thus robust time series statistical analysis is required. No single time series analysis tool can be applied in all cases. We applied a new method, singular-spectrum analysis (SSA), in combination with older methods. Periodicities in multiunit activity (MUA) recorded in vivo were determined using SSA in combination with the multitaper method (MTM) approach to the fast Fourier transform (Thomson, 1982; Vautard et al., 1992) . Singular-spectrum analysis or SSA is a linear, nonparametric method based on a principal component analysis in the vector space of the delay coordinates for a times series (Elsner and Tsonis, 1996) . In SSA, a single time series is expanded into a set of multivariate time series of length M, known as the "window length." M determines what range of frequencies can be resolved as a stationary signal in the calculated principal components. The principal component analysis orders the expanded time series as a new coordinate system with most information along the first coordinates. The principal components are processes of length N Ϫ M ϩ 1 that can be thought of as weighted moving averages of the time series in which each accounts for a certain percentage of the total variance. SSA allows optimal detrending, identification of the noise floor in spectral estimates, and identification of intermittent oscillatory components in the data. In practice, we found that we could with reasonable success divide the data into four parts (trend variance, circadian variance, ultradian components variance, and noise variance) by use of two window lengths on the MUA data. M was set at 36 hr (M ϭ 360 for 6 min bins) for the circadian time scale and 5 hr for the ultradian time scale. SSA cannot resolve periods longer than M and treats them as trends. If M is much greater than the average lifetime of an episode of oscillation, SSA cannot resolve the intermittent oscillation.
We used SSA for signal reconstruction from the noisy MUA data. Simple noise reduction by applying a fixed low-pass filter to the data is not appropriate when the spectrum is not monotonic. Because steps were taken to minimize instrument noise and a low-cut filter was used (500 Hz) before binning the impulses in the MUA data, noise is represented here mostly by random impulses from populations of neurons near the electrode. Optimal filtering of signals that are not completely stable requires methods such as Wiener filtering or SSA. Both provide optimal filters in a least squares sense. However Weiner filters arbitrarily require harmonic f unctions as a basis. SSA, in contrast, uses data-determined general f unctions that do not require any previous hypotheses about the noise variance. Unlike SSA, the Wiener method requires smooth and very reliable estimates of the power spectrum that are impossible to obtain with very short data sets. "Noise-free" circadian or ultradian time series were therefore reconstructed from the SSA filters. By this method, oscillatory signals that accounted for as little as 3% of the total variance could be detected. Monte C arlo simulations assuming either white noise or correlated noise were used to evaluate the background noise level in the SSA spectra. By selecting only those principal components associated with the circadian variance of the data, we could derive an optimal (in the least squares sense) "noiseless" reconstruction of the circadian waveform in the data. Each waveform in the reconstructed time series is essentially a local fit allowing us to calculate a mean period from each animal's data set. This local noise-free fit also allowed us to determine the phase relationship as a f unction of time between two different locations in the brain. Periods of the ultradian rhythms were determined with one or more of the following: SSA-MTM, power spectrum estimates [e.g., maximum entropy method (M EM)], or visual inspection of the raw 3A, double-headed arrow) . The top bar shows wheel-running activity, plotted as a black bar whenever the wheel revolved more than once in 6 min. B, E xpanded plot of the concurrent record from the L S (from Fig. 3B, double-headed arrow) . Note the negative correlation of neural activity with wheel-running activity in the SC N and the positive correlation in the L S. data. M EM was performed on the data after the trend and circadian variances were removed (determined by SSA). The order of the M EM (M, number of poles in the autoregressive model) was kept much lower than the number of data points and varied over the range to monitor stability of peaks of interest in the spectrum (M, 20 -60 ; N Ͼ 1600). M EM is f ully consistent with SSA so that the additive property of the spectra is conserved exactly (Vautard et al., 1992) . Periods of very short ultradian rhythms were determined by visual inspection; areas of highfrequency ultradian activity were measured for the average period, and measurements from six areas per animal were averaged to obtain the period. The periods of the wheel-running activity were obtained by using a standard chi-square periodogram for comparison with the other methods (see Table 1 ).
Phase analysis. We used the discrete Hilbert transform of the SSAreconstructed waveforms to estimate the instantaneous phase difference between the oscillations inside and outside the SCN. The Hilbert transform is the imaginary part of the analytical signal of a real time series (Bendat and Piersol, 1986 ). An estimate of the imaginary part from the real part of the time series can be calculated by assuming the signal is causal (a sequential time series) and by using the inverse of a one-sided Fourier transform (fast Fourier transform coefficients that correspond to negative frequencies are set to zero before doing the inverse transform). The Figure 9 . Mathematical analysis of ultradian rhythms recorded from the SC N and L S (from Fig. 3 A, B) . A, Data reconstructed by SSA of the 80 min ultradian rhythms in the SC N (solid line) and the L S (dotted line) for the first 72 hr of the record. B, Phase angle difference of the 80 min ultradian rhythms between the SCN and the L S plotted for 144 hr (see text and Fig. 4 for details) . resultant time series is phase shifted 90°from the original time series. This process is sensitive to noise and requires a filtered input such as that provided by SSA. The temporal change in the relative phase between the oscillations recorded in different brain regions was examined using this method. Circular statistics were used to compute the mean phase difference for the circadian rhythms in different brain regions (Fisher, 1995) .
Experimental protocols. To observe daily and circadian changes of neural activity in and outside of the SCN, we recorded MUA from 20 wild-type hamsters implanted with two electrodes. One electrode was directed into the SCN, and the other was aimed at one of several regions outside of the SCN. Animals were recorded for 4 d in a light/dark cycle (14:10 hr LD; light intensity of ϳ300 lux at cage level), followed by 6 d in constant darkness (DD). To evaluate the effects of the tau mutation on the rhythmic properties, we recorded MUA from 10 wild-type and 14 tau mutant hamsters implanted with two electrodes, one aimed at the SCN and the other at one of the following sites: the lateral septum (LS), the caudate putamen (CP), the ventrolateral region of the thalamus, and the bed nucleus of the stria terminalis (BNST). These hamsters were placed into DD at the time of their normal lights off, and MUA was recorded for 7 d. We only used data from implantations in which both wires of each electrode were located in the same nucleus. We sometimes observed one wire located in the SCN, while the other was in the surrounding area; in those cases the data were discarded.
RESULTS

Circadian rhythms both within and outside the SCN
MUA recorded in the SCN showed clear daily (LD) and circadian (DD) rhythms (Fig. 1) . Peak impulse frequency of these rhythms always occurred at the middle of the day (LD) or subjective day (DD), in antiphase with the hamster's nocturnal wheel-running activity. The amplitude of the neuronal activity rhythms varied from experiment to experiment and was not strongly correlated Figure 10 . Ultradian rhythms in neural activity records from the SC N and C P in a tau mutant hamster. A, E xpanded plot of 24 hr neural activity in 1 min bins from the SCN (from Fig. 5A , double-headed arrow). The top bar shows wheel-running activity, plotted as a black bar whenever the wheel revolved more than once in 6 min. B, E xpanded plot of the concurrent record from the C P (from Fig. 5B, double-headed arrow) . Note the positive (CP) and negative (SCN ) correlations with wheel-running behavior. with the recording site, although recordings obtained in the ventral portion of the SC N tended to have a higher amplitude than did those from the dorsal portion. Although the recording sites were nearly identical for the animals whose records are shown in Figure 1 , B and C, the MUA displayed in Figure 1 B has higher average amplitude oscillations than does that in Figure 1C . SSA detected a significant circadian (or daily) oscillation with a centered amplitude of ϳ10,000 spikes per 6 min interval from the data plotted in Figure 1 B. The centered amplitude from data shown in Figure 1C was approximately one-fourth as large.
There was no consistent relationship between overall levels of locomotor activity and MUA activity. For example, the wheelrunning activity of animals shown in Figure 1 , A and B, was quite variable (on some nights the hamsters ran much more than on others), yet the amplitude of the MUA rhythms remained relatively constant. Furthermore, in all three examples in Figure 1 , the amplitude of MUA oscillation in the SCN did not change when the animals were released from LD into DD. Even in the case of the animal whose data are shown in Figure 1 A, in which the electrode was located in the lateral portion of the SCN (which Fig. 14) . Note the almost perfect phase lock between these two regions and that both are in antiphase with wheel running. receives the retinal projection), light did not have an acute effect on the MUA.
Most regions outside of the SC N also showed clear daily or circadian rhythms (Fig. 2) . The ventrolateral thalamic nucleus (n ϭ 3), the C P (n ϭ 3), the accumbens nucleus (n ϭ 1), the medial septum (n ϭ 1), the L S (n ϭ 6), the ventromedial hypothalamic nucleus (n ϭ 2), the medial preoptic region (n ϭ 1), and the stria medullaris (n ϭ 3) all exhibited circadian rhythms with peak impulse activity occurring at night or subjective night that, unlike the electrical activity rhythm in the SC N, was in-phase with locomotor activity. SSA of activity in the optic chiasm (n ϭ 2) revealed no circadian components, but ultradian rhythms were present and were stronger in LD than in DD.
There were clear correlations between electrical activity in the SC N and in other brain regions. The data in Figure 3 were recorded from a wild-type hamster in DD. MUA from the SC N (Fig. 3A) and the L S (Fig. 3B ) and wheel-running activity (Fig.  3C) were collected simultaneously; all three data sets contain significant circadian components. Figure 4 presents reconstructed waveforms of the circadian components using the SSA method. C ircadian rhythms in the SC N (Fig. 4 A) and L S (Fig.  4 B) were tightly locked in an antiphase relationship (Fig. 4C) . Their periods were matched to that of the wheel-running activity rhythm that was in antiphase to the SC N. The data in Figure 5 were recorded from a tau mutant hamster. MUA was recorded from the SC N (Fig. 5A ) and C P (Fig. 5B) . Both regions showed significant circadian rhythms that matched the 20 hr period of the wheel-running rhythm (Fig. 5C ). The phase angle difference between these two brain regions was also stable in antiphase ( Fig. 6 ; sometimes, as in this example, stable phase relationships did not develop the first cycle or two of constant darkness). Other examples (SC N and L S in a wild type, n ϭ 1; SC N and ventrolateral thalamus in a wild type, n ϭ 1; and SC N and ventrolateral thalamus in a tau mutant, n ϭ 1) showed similar phase relationships.
Ultradian rhythms
MUA in the SCN and in other brain regions displayed ultradian components in addition to circadian ones. We succeeded in identifying a significant circadian component and two ultradian components from the time series data in all brain regions analyzed. Figure 7 shows an example of MUA recorded from the SCN in a tau mutant hamster in DD. As expected, an ϳ20 hr circadian component in antiphase to the wheel-running activity rhythm was present. The record also shows a clear ultradian component with a period of ϳ80 min. Furthermore, in expanded plots we could detect a higher frequency rhythm of ϳ14 min that was most clearly expressed around the peak of the 80 min oscillation.
Expanded plots of 24 hr segments recorded from the SCN (Fig.  3A) and the LS (Fig. 3B ) of a wild-type hamster are shown in Figure 8 , A and B, respectively. These data contain two ultradian components, ϳ80 and ϳ14 min. The two components were identified by spectral analysis and visual inspection, respectively. The time domain SSA reconstructions of the ϳ80 min ultradian oscillations in the SCN and the LS were in-phase with each other on the first day after transfer from LD to DD; however by the second day in DD they had shifted to an antiphase relationship (Fig.  9 A, B) . The ϳ14 min ultradian rhythms appeared to be in-phase between the SCN and the LS (Fig. 8) . We obtained similar results from two other wild-type hamsters (recorded from the SCN and the ventrolateral thalamus or LS).
The ultradian components recorded from tau mutant hamsters also had periods of ϳ80 and ϳ14 min. Time series analysis and visual inspection of simultaneous recordings from the SCN and the CP in a tau mutant hamster revealed these two ultradian components (Fig. 10) . In this data set the phase relationships of Figure 14 . Ultradian rhythms of neural activity recorded from the SC N and the BNST in a wild-type hamster. A, E xpanded plot of 24 hr neural activity record in 1 min bins from the SC N (from Fig. 12 A, double-headed arrow) . The top bar shows wheel-running activity, plotted as a black bar whenever the wheel revolved more than once in 6 min. B, E xpanded plot of 24 hr neural activity record in 1 min bins from the BNST (from Fig. 12 B, double-headed  arrow) . Note that both the 80 and 14 min ultradian rhythms are usually in-phase.
the 80 min oscillations in the two areas were often in antiphase, but their phase relationship was much less stable than in similar recordings from wild types (Fig. 11) . As in wild types, the ϳ14 min rhythms always appeared to be in-phase (Fig. 10) . A second tau mutant hamster in which electrical recordings were obtained from the SC N and the ventrolateral thalamus exhibited similar properties.
Effects of the tau mutation on the circadian and ultradian periods of MUA
The period of the rhythm of wheel-running activity in wild-type hamsters was ϳ24 hr and closely matched the circadian component of the electrical activity in the SCN. To assess the effect of the tau mutation on the rhythmic properties in the SCN, we obtained four 1-week-long recordings for analysis of the period of the rhythm in DD. The ϳ20 hr period of wheel-running rhythms in tau mutants closely matched the circadian MUA rhythms in the SCN. There were no significant differences between wild type and tau mutants in the periods of the ultradian components (80 and 14 min). The variation in frequency among animals within each genotype was as great as that between genotypes (Table 1) .
Effect of wheel running on MUA
Locomotor activity affects the expression of MUA in the SCN and elsewhere in the brain. MUA in the SC N was decreased during wheel running, whereas MUA in other areas was enhanced (Figs. 1-3 , 5, 7, 8, 10) . These changes in the levels of MUA were precisely correlated with locomotor activity and were more pronounced the more vigorously the animals ran in their wheels.
Phase of MUA in the BNST
In contrast to MUA from all other recording sites outside of the SCN, MUA recorded from the anteromedial part of the BNST exhibited oscillations (circadian and ultradian) in-phase with the SCN (Figs. 12, 13, 14, 15) . As seen in the SC N and again in contrast to that seen at other sites, neural activity in the BNST was suppressed during wheel running (Figs. 12, 14) . We also observed similar phase relationships in one recording from the posteromedial part of the BNST of a wild-type animal and from the anteromedial part of the BNST in one tau mutant. Inouye and Kawamura (1979) reported that the MUA in the SCN recorded from freely moving rats displayed a circadian rhythm with peak impulse frequency occurring during the day. They also recorded MUA circadian rhythms from regions outside the SCN that exhibited peak activity at night, out-of-phase with the SCN rhythm and in-phase with the animal's locomotor activity. Because MUA in the SC N remained rhythmic after the nucleus was isolated (within a hypothalamic island), while the rhythms outside of the SC N disappeared, they concluded that the circadian pacemaker was in the SC N and that rhythms outside the SCN were being driven (in antiphase) by the SC N (Inouye and Kawamura, 1982) . Later, Yamazaki et al. (1994) showed that the circadian rhythm of ATP content in the SC N of rats is also in antiphase with this rhythm in the anterior hypothalamus and CP. Our results with hamsters are in good general agreement with the results in rats. We find that the circadian rhythms of MUA within the SC N are out-of-phase with those recorded from brain areas outside the SC N, with the important exception of the BNST, an area from which Inouye and Kawamura did not record.
DISCUSSION
Circadian rhythms in electrical activity
We found that the period of the circadian rhythm in MUA both within and outside of the SC N was affected as expected by the tau mutation and matched the period of wheel-running behavior both in wild-type hamsters (ϳ24 hr) and in tau mutants (ϳ20 hr). Davies and Mason (1994) reported a circadian electrical activity rhythm with a period of ϳ20 hr from tau mutant SC N in acute slice preparation that was monitored for 36 hr. Liu et al. (1997) reported that circadian periodicities of electrical activity in SCN cells dispersed in cell culture from homozygous, heterozygous, and wild-type hamsters exhibit free-running periods that correlate with their genotype. Our results obtained in vivo confirm that the altered period of neuronal activity is expressed within the SCN of intact tau mutant hamsters. The correspondence of the in vivo with the in vitro results provides important confirmation of the usefulness of the in vitro model. We know that at least the normal period of the intact SCN is conserved in the dish.
The genetically determined period of the SCN is also conserved in transplantation experiments in which the locomotor rhythms restored by transplanted SCN tissue have the periods determined by the genotype of the donor not the host (Ralph et al., 1990; Vogelbaum and Menaker, 1992; Silver et al., 1996) . However, the data of Silver et al. (1996) suggest strongly that in the transplant experiments the link between the transplanted tissue and the host's locomotor system is hormonal not neural. Therefore, although the several studies of SCN rhythmicity using in vitro, transplant, and in vivo methods are consistent, they leave open questions about the functional connections of the SCN with the motor control system. In particular, it will be important to determine the roles of both neural and humoral SCN outputs in controlling locomotor behavior in intact animals.
Ultradian rhythms
MUA from the SCN exhibited two different, clearly discernable ultradian components after several days in constant darkness. The 80 min ultradian rhythm was out-of-phase with other brain regions (except the BNST in which all rhythms were always in-phase with those in the SCN). However, immediately after transfer from LD to DD, the 80 min rhythms within and outside the SCN were temporarily in-phase. In the tau mutant, these rhythms sometimes ran independently. This suggests that 80 min ultradian pacemakers may be located both in and outside of the SCN and that the light/dark cycle may influence their phase relationships. A similar ultradian rhythm can be observed in figures published by Kawamura and Inouye (1979; their Fig. 5 ) and Inouye and Kawamura (1982; their Fig. 7) , which show data from MUA recorded in rat within a hypothalamic island containing the SCN as well as outside of the island. That observation supports the idea that ultradian periodicities are generated from sites both within and outside the SCN. Recently, Meijer et al. (1997) found significant ultradian periods of 4 hr and 170, 130, and 100 min in rat SCN in vivo and a significant period of 3.5 hr in rat SCN in vitro. MUA from optic chiasm in hamster and rat Omata and Kawamura, 1988) has been reported to contain circadian components. However, in our recordings we observed only ultradian rhythms from this site.
The source and mechanism for the generation of ultradian periodicities within the brain are obscure, and there are many possible candidates [e.g., in the posterior hypothalamic area of the conscious rat, the release rates of the catecholamines and histamine fluctuate with the following periods: histamine, 83 min; dopamine and noradrenaline, 92 min; and adrenaline, 99 min Prast et al., 1992; Grass et al., 1996) ].
Very short (ϳ14 min) ultradian rhythms were present in all brain regions from which we recorded. Although not observable by our spectral analysis methods because of limitations in sampling frequency resolution and signal frequency variability, this periodicity was easily detectable visually in displays of the recordings. The rhythm was in-phase among all brain regions. The ϳ14 min period is significantly longer than an ultradian periodicity reported previously by Miller and Fuller (1992) , who observed rhythms with periods of ϳ120 sec that were lengthened by retinal illumination in urethane-anesthetized rats.
We failed to find any differences in the periods of ultradian rhythms of tau mutant and wild-type hamsters, even though the circadian periodicity of the tau mutant is shortened by Ͼ15 percent. This suggests that the tau mutation may affect circadian but not ultradian rhythms of MUA. This is in contrast to its effect on luteinizing hormone pulsatility (L oudon et al., 1994) and to the effect of mutations in the per gene in Drosophila that alter the periods of both circadian rhythms and high-frequency neural rhythms involved in the control of the courtship song (Kyriacou, 1990) . However, our data do suggest that ultradian rhythms of MUA in tau mutants may have more variable periods and phase relationships than do those in wild types, although we are presently unable to quantif y this difference.
Bed nucleus rhythmicity
Unexpectedly, and uniquely among all sites in which recordings have been made, the circadian rhythm of electrical activity in the BNST is in-phase with the SC N electrical activity rhythm. In a previous study Inouye (1983) recorded MUA from seven regions of the rat brain (not including the BNST), but only the SC N showed a circadian rhythm that peaked during the day; rhythms from all the other sites peaked at night. In our recordings, ultradian rhythms in the BNST were also in-phase with those in the SC N. Cross-spectral estimates suggest that the BNST and SC N are tightly coupled to each other (data not shown).
There is anatomical evidence that SC N efferent pathways reach the BNST (Kalsbeek et al., 1993; Morin et al., 1994) . However, it does not appear that the BNST projects to the SC N (Numan and Numan, 1996) . The BNST may therefore be part of an output pathway from the SC N to locomotor centers. This would be completely consistent with our data. The BNST is a complex nucleus with several subdivisions; it has been reported to be involved in the control of photoperiod measurement (Raitiere et al., 1995) , maternal behavior (Numan and Numan, 1996) , and mating behavior (Wood and Newman, 1993) , all of which may be influenced by the circadian system. Our preliminary data from lesion studies suggest that the BNST may be involved in controlling the level and pattern of locomotor activity (Yamazaki et al., 1997) .
Effects of locomotor activity on SCN electrical activity
Our data demonstrate that an animal's movements affect electrical activity in several brain areas. Wheel-running activity acutely decreased SC N (and BNST) neural activity and enhanced neural activity outside the SC N (see also Meijer et al., 1997 ). Although we were not able to determine the causal relationship involved (i.e., does increased activity in extra-SC N regions lead to inhibition of SC N activity or vice versa?), we believe that this finding has great potential significance. It is intriguing to speculate that reductions in SC N neural activity associated with locomotor activity may underlie the "nonphotic" phase shifts of circadian rhythms that are produced by vigorous wheel running (Reebs and Mrosovsky, 1989) .
The work reported here represents a level of analysis of mammalian circadian organization that has been almost completely neglected since it was pioneered by Inouye and Kawamura 20 years ago. Technical and conceptual advances over the past two decades have made it more tractable, although it is still labor intensive. In spite of the inherent difficulty of obtaining it, knowledge of the dynamics of electrical activity in the several brain regions controlling circadian behavior in intact, unanesthetized animals is likely to be essential for an understanding of this important regulatory system.
